Abstract Here, we describe a new application of ultraperformance liquid chromatography coupled with an electrospray ionization quadrupole time-of-flight mass spectrometry operating in MS E mode (UPLC-QTOF-MS E ) for the sensitive, fast, and effective characterization of alkaloids in goldenseal (Hydrastis canadensis). This approach allowed identification of alkaloids using a cyclic low and high collision energy spectral acquisition mode providing simultaneous accurate precursor and fragment ion mass information. A total of 45 compounds were separated and 40 of them characterized including one new compound and 7 identified for the first time in goldenseal. The spectral data obtained using this method is comparable to those obtained by conventional LC-MS n . However, the UPLC-QTOF-MS E method offers high chromatographic resolution with structural characterization facilitated by accurate mass measurement in both MS and MS/MS modes in a single analytical run; this makes it suitable for the rapid analysis and screening of alkaloids in plant extracts.
Introduction
Alkaloids represent one of the largest and most interesting classes of phytochemicals that can be found in many medicinal plants. The development of rapid and reliable methods for qualitative and quantitative determination of alkaloids in medicinal plants has become a significant and challenging issue with respect to controlling their quality and gaining a better understanding of their pharmacological effects. The combination of high-performance liquid chromatography and multistage mass spectrometry techniques, including ion trap (MS n ) and quadrupole time-of-flight mass spectrometry (QTOF) are extremely powerful tools for the analysis of alkaloids in complex plant extracts [1] [2] [3] [4] [5] . Among the various LC platforms, ultra-performance liquid chromatography (UPLC), using sub-2 μm particles, provides advantages over HPLC due to its increased resolution, higher sensitivity, superior separation and faster analysis [6, 7] . QTOF-MS generates mass information with high accuracy and precision, which can then be used to predict candidate empirical chemical formulae with low parts-per-million errors [4, 8] . In combination, UPLC-QTOF-MS/MS offers a rapid, sensitive, high resolution method with precise mass measurement in both MS and MS/MS experiments for alkaloid analysis [8] [9] [10] removes ambiguities from interpretation, confirms the identities of the fragment ions and facilitates structural elucidation [8, [11] [12] [13] [14] . In recent years, UPLC coupled with MS E (where E represents a dynamically variable collision energy) technology provides an automated strategy to shorten analysis time, maximize duty cycle and collect both precursor and fragment ion data in exact mass mode in a single analysis [15, 16] . This approach has been demonstrated to provide excellent chromatographic and MS efficiencies for the structural elucidation of compounds in complex mixture analysis [15, 17, 18] .
Goldenseal has long been used in traditional medicine for its pharmacological activities, which give rise to antibacterial [19, 20] , immunostimulant [21] , antimicrobial [22] , and anticancer properties [23] . These pharmacological properties are ascribed to the major alkaloids found in the plant: berberine, hydrastine, and canadine [22, [24] [25] [26] . However, whole extracts of goldenseal have been shown to have complex, synergistic, antibacterial activities beyond that explained by the major alkaloids alone [20] suggesting the role of additional components. Simple LC-MS analysis of alkaloids in goldenseal has detected an additional four alkaloids [27, 28] ; however, the methods in these publications were not comprehensively described. Recently, we have developed an LC-ESI-MS n technique using highresolution Orbitrap mass spectrometry that was successful in the separation and structural identification of 21 additional alkaloids in the methanolic extract of goldenseal [5] . In that work, the structures of most compounds were established by the fragmentation information obtained by MS n , but required multiple analyses to establish MS 1 to MS 4 fragmentation data. In this work, we developed a simple, rapid and reliable UPLC-MS E method for identification of alkaloids in goldenseal in a single run. The UPLC-QTOF-MS E method, in positive ion mode, identified 40 alkaloids, including 12 not detected using the Orbitrap method, and a sterol-significantly expanding our knowledge of goldenseal composition. The fragmentation patterns of eight groups including seven alkaloids and one steroid were investigated and described. Importantly, this UPLC-QTOF-MS E method provides an excellent approach for the rapid screening of alkaloids in plant extracts.
Materials and methods

Materials
Dried goldenseal roots were sourced from a Hamilton (ON, Canada) goldenseal farm in May 2005 and milled to a powder (particle size less than 250 μm), thoroughly homogenized using a rotary mixing drum and thereafter stored at −80°C. Samples of this material were extracted using 80 % methanol/water (v/v) and stored at 4 o C prior to analysis. All alkaloid standards (98-99 % purity), ammonium formate and formic acid were purchased from Sigma-Aldrich Chemical Co. (Oakville, ON, Canada), except for tetrahydroberberine (canadine) which was synthesized from berberine [5] . Stock standard solutions were prepared by dissolving approximately 1 mg of each substance in a 1 ml aliquot of methanol. Standard and/or mixed standard solutions were stored in the refrigerator at 4°C prior to use.
Instrumentation
Analysis of the goldenseal extract was performed on a Waters ACQUITY UPLC coupled to a Waters Synapt G2 mass spectrometer (Waters Co., USA), which was equipped with an electrospray interface (ESI) with LockSpray capability. The system was controlled under MassLynx V4.1 software (Waters Co., USA). High-purity nitrogen was used as the nebulizer and auxiliary gas. Argon was used as the collision gas. The mass spectrometer was operated in high resolution positive ion mode. Samples were analyzed by data independent acquisition MS E mode in the range of m/z 50-600. The mass spectrometer was operated at a nominal resolution of 40,000 (high resolution mode) measured resolution (full width at half height) varied from 30,000 to 38,000. The following parameters of the electrospray source were optimized to provide the highest abundance of the [ Scan time for the lock mass was set to 0.3 s with an interval of 20 s, and 3 scans were averaged with a mass window of ± 0.3 Da. Calibration of the Synapt G2 mass spectrometer in the range m/z 50-1,200 was performed using a solution of sodium formate (5 mmol L −1 in 2-propanol/water (9/1; v/v)). MS data were collected in MS E experiments at a constant collision energy setting of 5 V during low-energy MS mode (function 1) for precursor ion data, then dynamically from 15 to 40 V collision energy during the high energy MS E mode (function 2) for optimal fragmentation data.
The separation was carried out on a Waters ACQUITY™ UPLC BEH C18 2.1×100 mm, 1.7 μm column. The mobile phase consisted of A, water containing 10 mM ammonium formate adjusted to pH 4.8 with formic acid, and B, acetonitrile. The flow rate was maintained at 0.4 mL min −1 and the following gradient program was used: 13-20 % B from 0 to 4 min; 20-24 % B from 4 to 7 min; 24-52 % B from 7 to 11 min; hold at 52 % B from 11 to 12 min and 52-13 % B from 12 to 13 min; post run at 13 % B for 3 min. The injection volume was 2 μL.
Results and Discussion
Optimization of UPLC-QTOF-MS E analysis of goldenseal alkaloids Initial optimization focused on separating the maximum number of compounds and shortening the chromatographic run time with respect to our previous HPLC-MS method [5] . Spectra were initially obtained in both positive and negative ion modes; however, ESI in positive ion mode was significantly more sensitive. It was found that separation efficiency and sensitivity was best achieved with acetonitrile not methanol as solvent B and the ammonium formate buffer was essential for good peak shape and resolution. Without ammonium formate, the alkaloid peaks were very broad and poorly resolved. Although ammonium formate was used in the mobile phase, ammonium adducts [M+NH 4 ] + were not observed for any of the alkaloids in this study. The full instrumental method was then established by infusing a mixture of six alkaloid standards (berberine, canadine, β-hydrastine, jatrorrhizine, palmatine, and tetrahydropalmatine) into the UPLC-QTOF-MS system, and tuning the capillary, sampling, and extraction cone and source potentials as well as desolvation temperature and cone and desolvation gas flows.
The UPLC-QTOF-MS E chromatography of the mixture of alkaloid standards generates two different chromatograms, corresponding to each scan function. In function 1, the quadrupole Q1 scans m/z 50-600 transmitting intact ions through the collision cell using low collision energy (5 V). These ions are then pushed into the TOF analyzer to acquire exact mass measurements of precursor ions. Interleaved with function 1, function 2 scans the same mass range, but the collision cell dynamically applies high collision energy (15-40 V), to optimally fragment all the ions transmitted by Q1 and precise mass measurements of the fragments are subsequently acquired by the TOF analyzer. Figure 1a illustrates the high resolution and excellent peak shape generated by the UPLC separation and Fig. 1b, c , gives an example of the mass spectra at low and high collision energy respectively for berberine. The MS data for each standard was consistent with those previously reported [1, 4, 5, 29] and the mass spectral, fragmentation, and retention time data were used to identify these alkaloids in the goldenseal extract.
Analysis of goldenseal extract by UPLC-QTOF-MS E
Initially, 45 compounds were detected; either separated in time or by mass, and assigned numbers (Fig. 2 , Table 1 ). These include one novel alkaloid (compound 16), five additional alkaloids (compounds 5, 10, 20, 30, and 45), and one steroid (compound 18) identified for the first time in goldenseal. Figure 2 shows the total ion chromatogram (TIC) of the goldenseal extract and the MS data for the observed compounds are summarized in Tables 1 and S1 (see Electronic Supplementary Material). Based on the accurate mass of the precursor and product ions along with previous reports, 39 of the compounds were identified as alkaloids, one as a steroid and five were not identified. The alkaloids were assigned to one of seven classes: aporphine, benzylisoquinoline, phthalideisoquinoline, protoberberine, secoberbine, tetrahydroprotoberberine, or 8-oxoprotoberberine based on the deduced structure. A comprehensive overview of all the structures in Table 1 can be found in Fig. S2a and S2b. The fragmentation pathways of the aporphine (compounds 4 and 8), benzylisoquinoline (compounds 2, 6, and 9), isoquinoline (compound 1), protoberberine (compounds 21, 24, 26, 29, 36, 38, 39, and 40), secoberbine (compound 32), tetrahydroprotoberberine (compounds 11, 17, 31, 33, 34, and 37) and 8-oxoprotoberberine (compounds 41, 42, and 43) alkaloids (Table 1) were discussed previously [5] . Therefore, this study focuses on deducing the detailed fragmentation pathways and structures of the newly identified alkaloids and steroid in goldenseal as well as some phthalideisoquinoline or secoberbine alkaloids only partially resolved in earlier work. Specifically, these are protoberberines (compounds 28, 30), tetrahydroprotoberberine (compound 25), 8-oxoprotoberberine (compound 45), benzylisoquinolines (compounds 5, 10, 12), secoberbine (compound 22), phthalideisoquinolines (compounds 14, 15, 16, 20) and the steroid, compound 18 ( Table 1) . Because the fragmentation pathways of compounds 25, 30, and 45 differ in only minor substituents of previously published pathways [4, 5, 30] these are presented in the supplementary material. + and fragment ions [3] . As a columbamine standard was not available, compounds 28 and 29 could only be tentatively identified as closely related isomers of jatrorrhizine or columbamine. Compound 28 was not detected in our previous work on goldenseal using high resolution Orbitrap LC-MS n . The fragmentation pathways of these protoberberine alkaloids were as previously described [5] . Compound 30 showed a [M] + ion at m/z 322.1074 consistent with tetrahydroscoulerine, tetrahydrocheilanthifolinium, berberrubine, or thalifendine but the fragmentation pathway (Fig. S3 ) matched only that described for thalifendine [4] . Compound 30 was therefore identified as thalifendine; previously unknown in goldenseal.
Tetrahydroprotoberberine alkaloids (compound 25)
Compound 25 displayed a [M+H] + ion at m/z 342.1702, specific fragmentation ions at m/z 178.0874 and 165.0815 after undergoing a retro Diels-Alder (RDA) reaction, and a characteristic ion at m/z 163.0628 formed by loss of the methyl radical from the ion at m/z 178.0874 (Tables 1, S1 and Fig. S4 ). These findings are considered to be characteristic of tetrahydroprotoberberine alkaloids, which are very similar to those of tetrahydrocolumbamine [30] . Similarly to columbamine and jatrorrhizine, tetrahydrocolumbamine and tetrahydrojatrorrhizine are also positional isomers, possessing the same [M] + and fragment ions [3, 31] . As standards for these compounds are not readily available, compound 25 can only be identified tentatively as either tetrahydrocolumbamine or tetrahydrojatrorrhizine. Previous publications have reported the isolation of tetrahydrocolumbamine Table 1 for compound identification and tetrahydrojatrorrhizine (named as corypalmine and isocorypalmine) in goldenseal [31] , which supports our identification of compound 25 by MS/MS analysis. The fragmentation pathway of compound 25 is described in Fig. S4 . Complete MS/MS data is given in Table S1 and the structure of all compounds provided in Fig. S2 
8-Oxoprotoberberine alkaloids (compound 45)
The (Fig. S5) . The absence of these two ions indicates the presence of an additional double bond in the structure of compound 45. In the skeleton structure of oxoprotoberberine alkaloids, all of the rings are benzene conjugated, except for ring B containing saturated carbons at C5 and C6. Therefore, compound 45 has a double bond at C5 and C6, and it was tentatively identified for the first time in goldenseal as 8-oxo-5,6-dehydroberberine. Tables 1, S1 and Fig. 3a) were consistent with those reported for the benzylisoquinoline alkaloid tembetarine [3, 4] and compound 10 was identified as tembetarine for the first time in goldenseal.
Compound 12 has the same exact mass as compound 2 (m/z 330.1703), suggesting that they are isomers. However, if the fragment ion [M-CH 3 + observed for compound 12 (Fig. 3a) . In parallel reasoning, the fragment ion (m/z 206.1103) formed by the rupture of the bond between C1 and C9 of compound 2 was 14 Da higher than that of compound 12 (m/z 192.0928). These findings indicate that compound 12 contains only one methyl group at the nitrogen atom. In addition, the accurate masses of the [M+H] + ion at m/z 330.1705 and fragment ions of compound 12 matched those of reticuline [32] . Therefore, compound 12 was identified as reticuline.
The [M+H] + ion at m/z 314.1382 and fragment ion at m/z 176.0701 formed by the rupture of the C1-C9 bond of compound 5 were 16 Da lower than those of compound 12, suggesting a loss of CH 4 from the isoquinoline moiety (Fig. 3b) . In addition, an abundant fragment ion [M+H-
+ at m/z 298.1100 was observed indicating the absence of a methyl group at the nitrogen atom, which suggests a double bond between the nitrogen atom and C1. Furthermore, if a double bond existed between the nitrogen atom and C3, the fragment ion at m/z 176.0701 formed by the cleavage between C1 and C9 would not be observed. Therefore, the structure and fragmentation pathway of compound 5 was proposed (Fig. 3b) identifying compound 5 for the first time in goldenseal as 1,2-dihydronorreticuline.
Secoberbine alkaloids (compounds 22 and 32)
Two secoberbine alkaloids (compounds 22 and 32) were identified in this study. Canadaline (compound 32) was the first secoberbine alkaloid isolated from goldenseal [33] and identified in our previous research on goldenseal [5] . + , formed by the successive loss of water and CH 3 NH 2 were also observed in MS/MS spectra. These findings predict the fragmentation pathway as shown (Fig. 4) .
Compared with compound 32 (canadaline), the corresponding [M+H] + ion of compound 22 at m/z 386.1600 is 16 Da higher suggesting an additional oxygen (Fig. 4) . As both compounds yield identical isoquinoline ions at m/z 190.0863, the additional oxygen must be located on the methoxy substituted C ring and is confirmed by the corresponding fragment ions at m/z 179.0696 and 195.0460 for compounds 32 and 22, respectively (Fig. 4) . These data lead us to propose compound 22 as canadinic acid. Both canadaline and canadinic acid have been isolated from goldenseal and are considered intermediates in the oxidative pathway leading to β-hydrastine [22] + were also observed in the MS/MS spectra of these compounds (Fig. 5a-b) . These findings are considered to be characteristic of phthalideisoquinoline alkaloids [30, 34] . The fragmentation pathway of all the phthalideisoquinoline alkaloids is given in Fig. 5a-b. Compounds 19, 23 , and 27, corresponding to 1-hydroxyhydrastine; 1-hydroxyhydrastine isomer, and β-hydrastine, respectively, have been identified in our previous work on goldenseal [5] .
The protonated adduct ions of compounds 14 and 15 at m/z 370.1289 and their base fragment ion [M +H-CH 3 NH 2 -
+ at m/z 309.0756 were 14 Da lower than the corresponding values for β-hydrastine 27, suggesting that both are demethylation products of β-hydrastine. However, the fragment ion m/z at 190.0858 formed by cleavage of the bond between C1 and C9 was observed for compounds 14 (5) 176.07 (5) 137.06 (5) 151.07 (5) 144.08 (5) well as for β-hydrastine. These findings indicate one methoxy group of the phthalide moiety at the R5 or R6 position is transformed into a hydroxyl group. The accurate mass of the protonated adduct ions and the MS/MS fragment ions (Tables 1, S1 and Fig. 5 ) were used to assign the structure of compounds 14 and 15 as hydrastidine and isohydrastidine. Although they are structural isomers, the OH and OCH 3 positions for each compound could not be conclusively confirmed by MS/MS data alone.
Both, hydrastidine and isohydrastidine have been isolated from goldenseal [31] 265.0667 and a base isoquinoline ion at m/z 190.0859 (Fig. 5a ) which were identical to the corresponding fragment ions of β-hydrastine 27. This suggests an additional oxygen and two hydrogen atoms in the phthaline moiety of hydrastine. Based on the protonated adduct ion, the fragment ions obtained, the fragmentation pathway of phthalideisoquinoline (Tables 1, S1 and Fig. 5 ), as well as previous reports [30, 35, 36] , we tentatively propose the structure of compound 16 as 9-hydroxyegenine or 9-hydroxycorytensine. Both compounds are positional isomers and cannot be distinguished based on MS/MS data. Compound 16 can be considered as hydrastine with an additional OH group at the C9 position and the doubly bonded oxygen at C10 transformed to an OH group. Compound 16 was detected in our previous paper [5] , however the compound was not fully identified. + , which were observed in the MS/MS spectra of hydrastine (Fig. 5) . However, the corresponding values of each set of ions are very similar for both compound 20 and hydrastine (Fig. 5) . This suggests the additional methyl group is at the nitrogen atom. Therefore, compound 20 was identified as β-hydrastine methiodine. Compound 16 was already reported in our previous paper [5] , however the compound was not fully identified. Because C1 and C9 are chiral, four absolute configurations for the compound are possible, but could not be resolved by MS/ MS data alone.
Isoquinoline alkaloids (compounds 7 and 13) + ion and the fragment ions (Fig. 6 ) of this compound are identical to those of 20-hydroxyecdysone [4] . Therefore, compound 18 was identified as 20-hydroxyecdysone, a steroid not previously detected in goldenseal. Interestingly, phytoecdysteroids, including 20-hydroxyecdysone, may have a defensive role as insect antifeedants [37] .
Summary and Conclusions
Analytical methods (i.e., HPLC or UPLC) coupled to MS detectors are powerful tools used in screening natural product extracts for target compounds and identifying unknowns. Here, the use of UPLC-TOF-MS operating in MS E mode enabled the separation of 45 compounds from a methanolic extract of goldenseal (Fig. 1 ) of which 41 (1 steroid and 40 alkaloids including a novel phthalideisoquinoline) compounds were identified or tentatively identified. The separation and profiling was achieved within 12 min using a sub-2.0 μm particle column-about 6 min faster than our previous method by HPLC [5] . Significantly, the number of separated and identified-compounds in goldenseal extract by using the UPLC-QTOF-MS E is approximately 1.5 times higher than the 28 and 26 compounds separated and identified by HPLCOrbitrap MS n analysis [5] . All alkaloids found in the goldenseal extract by our previous HPLC-Orbitrap MS n method were also identified in the current method. These results demonstrate that the UPLC technology provides higher peak capacity, resolution, sensitivity, and speed compared to 3-5 μm HPLC approach. Further, the radical shortening of the analytical time opens up the possibility of high throughput sample screening.
Although the use of Orbitrap MS n offers the ability to unambiguously assign precursor-product ion relationships, it requires a separate analysis for each MS transition (typically four in the case of the goldenseal alkaloids). In contrast, the novel approach of MS E operated on the TOF-MS system can generate both precursor and products ions in a single analytical run, thereby eliminating the need to rerun the sample to obtain further MS/MS data. Both TOF and Orbitrap systems provide excellent high resolution MS data required for structural determination however, TOF detectors are becoming relatively more common in analytical laboratories and in most cases significantly more affordable than Orbitrap technology.
